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Abstract 
Falling solid particle receivers can enable increased working-fluid temperatures for central receiver power plants, but will need to 
have high thermal efficiencies.  This can increase power-cycle efficiencies and reduce thermal storage costs.  A previous north-
facing solid particle receiver (SPR) design was estimated to have a thermal efficiency of 72.3%.  This design included a large 
aperture (17 m x 17 m), a slight downward facing nod (20⁰), a high-sloping ceiling to accommodate the beam angles from the 
closest heliostats, and particles released near the back wall of the receiver.  Receiver design modifications have been introduced 
to achieve a thermal efficiency of >90% as stated in the SunShot initiative.  Design changes including a reduced aperture size, 
bottom lip on aperture, increased nod angle, deeper cavity, reduced ceiling slope angles, and more specular walls resulted in 
higher thermal efficiency designs. 
DELSOL was used to determine viable receiver dimensions, aperture sizes, and nod angles for a desired power output.  The 
optimum receiver parameters were 10.63 m x 10.63 m aperture size, 50⁰ nod angle, and a tower height of 194.7 m. The new 
aperture size had a higher concentration ratio and provided maximum incident power on the particles with minimum radiative 
loss.  An aperture with a lip, nod angle of 50⁰, and extended back wall prevented buoyant hot air from leaving the receiver.  A 
ceiling with higher reflectivity allowed more incident radiation to be reflected onto the particles rather than absorbed and 
thermally re-emitted.  
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1. Introduction 
Falling solid particle receivers (SPR) can enable increased working-fluid temperatures for central receiver power 
plants.  This can increase power-cycle efficiencies and reduce thermal energy storage costs.  Solid particle receivers 
differ from traditional concentrating solar power (CSP) receivers in that they utilize small particles as the primary 
heat transfer fluid (HTF).  These particles are typically ceramic based and are stable at high temperatures (>1000⁰C) 
[1].  However, there are current design challenges associated with this type of receiver.  In order to accommodate a 
large heliostat field (100 MWe) the receiver aperture needs to be large (>10 m).  The large dimensions of the 
receiver typically require particles to fall from a large height posing challenges for particle structural stability and 
heat loss.  Complex air flow patterns develop within the receiver due to heating and particle movement which can 
cause large convective heat losses.  Passive walls within the receiver lead to high radiation losses both due to 
reflection and thermal re-emission.  Reducing heat loss is critical to achieving the highest possible thermal efficiency 
in the system.  The SunShot initiative [2] sets the required receiver thermal efficiency goal of greater than 90% with 
particle temperatures greater than 700⁰C.  Computational fluid dynamics (CFD) was used as a design tool to predict 
and optimize a north-facing SPR.  The heating of the particles, stability of particle flow, and overall receiver heat 
losses are important metrics when finding an efficient design.   
A previous north-facing  SPR geometry [3] was used as the initial baseline design for this study.  Previous work 
includes modeling of the north-facing and a face-down SPR.  Khalsa et al. [3] utilized CFD to determine that the 
thermal efficiencies for both a north-facing and face-down SPR were 72.3% and 78.9%, respectively.  The north-
facing receiver in this work serves as the initial base-line case for the current study.  This specific design was 
deemed a worst case scenario due to exclusion of an external air domain.  Without an external air domain any hot air 
leaving the receiver cannot rise and re-enter through the aperture. Rӧger et al. [4] evaluated face-down SPR designs 
utilizing different particle recirculation schemes to maximize particle heating at different power loads.  These 
particle recirculation schemes are critical to increasing particle residence time which increases thermal efficiency of 
the receiver.  The general concept for these recirculation schemes are used in the current SPR work.  However, these 
studies did not rigorously account for convective heat loss due to thermal buoyancy and particle entrainment.  
Further CFD analysis of these designs was performed by Gobereit et al. [5] and a thermal efficiency in excess of 
92% could be achieved.  Both the north-facing and face-down receivers could be utilized in CSP plants making it 
essential to understand the complex flow and thermal characteristics of each receiver design.  This work focuses on 
the north-facing receiver.    
A unique capability of simulating a distributed heat flux representative of a north-facing heliostat field was 
included in all current study simulations.  The “solar patch” radiation boundary conditions methodology as described 
by Khalsa and Ho [6] was utilized.  This radiation boundary condition allows modeling of the complex heliostat 
beam flux distribution within the receiver.  Utilizing this radiation method allowed the falling particles to absorb 
radiation while also being coupled to the fluid flow solutions within the model.  The result is a complex solution 
accounting for particle flow, radiative heat loss, and convective heat loss within the system.   
2. Initial baseline SPR design and alternative designs 
The initial baseline SPR design was considered to be the north-facing receiver from Khalsa et al. [3] due to the 
certainty that this receiver provides physically accurate results.  The geometry is seen in Figure 1.  The following 
heliostat field detailed in Table 1 (determined from the code DELSOL) drove the dimensions of this receiver.  
DELSOL optimized the field based on the annual performance of the plant while reducing the overall levelized cost 
of energy (LCOE).  DELSOL calculations for radiative and convective loss are somewhat limited, but were 
informed by previous CFD analysis.  While this receiver produced the required particle outlet temperature (>700⁰C), 
the thermal efficiency was found to be 72.3% and is below the required 90% for the system.  Thus, designs to reduce 
the radiative and convective losses in the system needed to be considered.  The initial baseline receiver geometry 
was modified based on another DELSOL analysis using SunShot parameters [2] and are reported in Table 1.  Two 
assumed improvements are the heliostat mirror slope error and thermal-to-electric efficiency.  The heliostat mirror 
slope error was modified from 1.835 mrad to 1 mrad based on possible future heliostat field optical improvements. 
The thermal-to-electric efficiency was changed from 28.5% to 50% based on perceived improvements by the 
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SunShot goals.  While not directly related to receiver design, these changes to the power plant change the required 
number of heliostats in the field reducing the size requirements of the receiver.  The general changes from the initial 
baseline receiver to the new proposed receiver were as follows: 
1. DELSOL predicted that the new receiver could have a smaller aperture.  The receiver aperture was changed 
from 17 m to 10.6 m. 
2. The reduced aperture size allowed the receiver to be shorter than the 29 m height of the initial baseline 
receiver geometry.  Additional design modifications were evaluated at heights of 12 and 20 m. 
3. The nod angle was increased from 20° (initial baseline receiver) to 50° (new receiver design) which has 
been shown to increase the amount of trapped hot air in the system reducing convective loss [4].  Reducing 
the convective loss out the aperture is critical to increasing the system thermal efficiency. 
4. A lip was included at the bottom of the aperture between the floor and aperture.  This design change was 
constant across all new receiver modifications.  The lip prevents air traveling along the bottom of the 
receiver from escaping immediately out of the aperture. 
A general figure of the new SPR design is seen in Figure 1.  Further design modifications (using the new receiver 
geometry) were applied while keeping the aperture size a constant 10.63 m x 10.63 m and nod angle at 50⁰.  These 
design changes include a deeper cavity, modified receiver height, wall specularity, and changing the shape of the 
back portion of the receiver. 
 
               
Figure 1. (Left) Initial baseline north-facing SPR design [3]; (Right) General modified SPR design with reduced aperture size 
Table 1. DELSOL optimized receiver and tower specifications and 100 MWe power plant assumptions for optimization of receivers and heliostat 
fields [4];  The baseline receiver design and alternative receiver design are shown 
 Baseline Receiver Design Alternative Receiver Design 
Power into Receiver at Solar Noon 487 MWt 256 MWt 
Number of Heliostats 7,183 3,242 
Tower Height 290 m  195 m 
Aperture Nod Angle 20⁰ 50⁰ 
Aperture Size 17 m x 17 m 10.63 m x 10.63 m 
Heliostat Costs $177/m2 $177/m2 
Tower Costs† $557,000 x exp(1.2ht/110m) $557,000 x exp(1.2ht/110m) 
Receiver Cost $109,000/MWt $109,000/MWt 
Land Cost $3/m2 $3/m2 
Annuity 0.0988 0.0988 
O&M Costs 2%/year of total investment 2%/year of total investment 
Heliostat Reflective Area 121 m2 per heliostat (11 m x 11 m) 121 m2 per heliostat (11 m x 11 m) 
Heliostat Reflectivity 87% 94% 
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Heliostat Slope Error 1.835 mrad (mirror normal) 1 mrad (mirror normal) 
Heliostat Facet Canting All canted to slant range All canted to slant range 
Required Peak Output 350 MWt 200 MWt 
Thermal Efficiency 72.3% 35-89% (Depends on Receiver Design) 
Thermal to Electric Efficiency 28.5% 50% 
Site Latitude 34.5⁰N 34.5⁰N 
 
The additional alternative receiver designs including the proposed receiver modifications are seen in Table 2.   
Table 2. Design considerations to reduce heat loss and increase thermal efficiency 




ceiling slope angles 
                           
3. Modified specular 
properties of walls 
  
4. Wedge back geometry 
 
 
The design changes were added and simulated in the following order: 
1. Run the initial new receiver geometry, height = 20 m (increased ceiling slope angle) 
2. Run the receiver geometry with deeper cavity (5 m), height = 20 m (increased ceiling slope angle) 
3. Run the reduced ceiling slope angle, height = 12 m 
4. Run the reduced ceiling slope angle with specular ceiling surface, height = 12 m 
5. Run the reduced ceiling slope angle, specular ceiling surface, and wedge back geometry, height = 12m 
 
If the particle curtain falls too close to a wall, the entrained air is forced in one direction (towards the aperture) 
once it reaches the bottom of the cavity.  However, if the entrained air can also move behind the particle curtain then 
it can be trapped in the receiver reducing convective losses.  The deeper cavity studied the effect of having 
additional air flow domain behind the particle curtain.  Changing the ceiling slope angles has a significant impact on 
the reflected radiation in the solar band.  If too much of the incoming radiation is incident on the ceiling the chances 
of radiation being reflected out of the cavity increases.  Changing the wall properties of the ceiling from diffuse to 
specular reflections can also reduce reflected radiation.  Finally, the wedge back geometry is an initial attempt to 
reduce the radiative view factors within the cavity.  Reducing these view factors will also reduce the radiation 
leaving the cavity by having walls thermally re-emitting to one another. 
5 m 
20 m 12 m 
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3. CFD Models 
3.1. Overview 
The CFD modeling analyzed the heat transfer, flow patterns, and particle tracks for an incident power on the 
aperture (256 MWt).  An important realization compared to the previous studies in [3] is that an external air domain 
is required in order to accurately capture the effects of hot air leaving the aperture, but then being re-directed back 
into the cavity though buoyancy forces. The external domain extends well beyond the aperture (~10 m) which was 
shown to provide enough external domain space such that the solution results were not affected by the size of the 
external domain. 
3.2. Meshes 
The meshes for all receivers include an inflated layer of hexahedral elements along all internal receiver walls.  
The receiver internal domain consisted of tetrahedral elements while the external domain was meshed with 
hexahedral elements.  Previous mesh convergence studies performed in [3] show that the type and size of mesh was 
independent of the solutions.  An additional refinement study performed was consistent with the previous results 
that the CFD simulations changed by less than 0.5%.  The baseline receiver model (17 m x 17 m aperture), reduced 
ceiling slope angle models (10.63 m x 10.63 m aperture), and increased ceiling slope angle models (10.63 m x 10.63 
m aperture) consisted of 973,317 elements, ~700,000 elements and ~852,000 elements, respectively. 
3.3. Radiation model 
The concentrated radiation from the heliostat field was applied using the “solar patch” method described in [3, 6].  
This method allows the distributed flux from the field to be applied at the aperture of the cavity thus accurately 
portraying the spatial and directional variability seen in actual heliostat fields.  The Discrete Ordinates radiation 
model was applied using a two band, non-gray model.  Band one represents the solar wavelength portion of the 
radiation spectrum (<4.5μm).  Band two represents the thermal radiation portion of the spectrum (>4.5μm).  The θ x 
φ discretization and pixilation were set to 10 x 10 and 3 x 3, respectively.  The work in [6] has shown that these 
discretization and pixilation values accurately represent the incoming radiation.   
3.4. Solution models 
Radiation, energy, flow, turbulence, and discrete phase (particle) solutions were solved in the CFD analyses for a 
steady state solution.  First, a radiation only model was solved and then the energy, flow, turbulence, and particle 
equations were solved.  This iteration process was repeated until a total heat and mass balance convergence was 
seen.  The radiation model was applied to the aperture as semi-transparent walls.  During the flow solution the 
aperture was treated as a pressure-outlet condition at zero-gauge pressure and has 1.5% turbulence intensity.  Air 
flow was able to leave and re-enter the aperture due to the inclusion of the external air domain model.  The particle 
equations solve for particle interactions with incoming radiation and interactions with the continuous fluid phase 
within the domain.  The particles are affected by the air flow within the receiver and contribute to the air flow 
patterns by entraining air as they fall.  The DPM model is valid for this study since the overall volume fraction 
loading of the system is less than 10%.  
3.5. Material properties 
The walls in the receiver were treated as Duraboard HD insulated walls.  The properties can be seen in Table 3.  
The emissivity values for the Duraboard drove the values for the radiation bands in the model.  The particles are 
treated as CARBO HSP particles.  The particle properties are seen in Table 3.   The particles interact with the fluid 
and radiation making the specific heat and emissivity values critical to performance within the system. 
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Table 3. Material Properties for CFD studies 
Duraboard HD   CARBO HSP   
Density (kg/m3) 420  Density (kg/m3) 3550 




(200⁰C - 980⁰C) 
 Estimated Thermal 
Conductivity (W/m-K) 
2.0 
Specific Heat (J/kg-K) 1000  Estimated Specific Heat 
(J/kg-K) 
-7.309x10-4T2 + 1.608T + 372.4, 
for 273 < T ≤ 1173 K;  
1255, for T > 1173 K 
Emissivity 0.2 (<4.5 μm); 0.8 (>4.5 μm)  Emissivity 0.93 
   Scattering Factor 0.3 
 
3.6. Recirculation patterns 
A single drop recirculation was used for the design modification models.  The initial drop fell along the side 
walls and the recirculated drop fell parallel to the back wall.  The initial particle drop is used to pre-heat the 
particles. The recirculated drop serves as the final heating for the particles.  This receiver had an overall mass flow 
rate of 428 kg/s. 
4. Results and analysis 
The radiative loss, convective loss, and thermal efficiency are calculated and compared for each study in Table 4.  
The following sections describe in detail the effects of each receiver design modification. 
Table 4. Thermal efficiency, radiative loss, convective loss and particle outlet temperature for all CFD simulations 
Design  Thermal Efficiency (%) Radiative Loss (%) Convective Loss (%) Particle Outlet 
Temperature (⁰C) 
Increased ceiling slope 
angle 
69.7 7.45 22.8 650 
Increased ceiling slope 
angle, extended back wall 
35.5‡ 8.48 22.8§ 965** 
Reduced ceiling slope 
angle 
80.3 14.8 4.88 698 
Reduced ceiling slope 
angle, specular ceiling wall 
86.5 8.67 4.81 740 
Reduced ceiling slope 
angle, specular ceiling 
wall, wedge back 




‡ Thermal efficiency is calculated as η ൌ୫ሶ ୡ౦ο୘୕౟౤ .  This value was adjusted based on the amount of particles being lost through the aperture.  These 
are your usable particles in the power cycle while the rest are lost.  This case results in 57.7% of particles lost out the aperture. 
§ This convective loss accounts for convective loss from the particles even if they are loss from the receiver.  This design should not be used 
because of particle loss. 
** The very high particle outlet temperature is due to particles being continuously recirculated in the system from particle curtain movement (i.e. 
the outlet particle bins were not separating the hot/cold particles). 
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4.1. Increased ceiling slope angle (10.63 m x 10.63 m aperture) 
This design is the initial receiver design change from the initial baseline case. The large ceiling slope angle 
reduces direct surface irradiation from the closest heliostats in the field on this surface.  The aperture was reduced to 
10.63 m instead of the large 17 m.  The receiver has a nod angle of 50⁰ to help keep the rising hot air in the cavity.  
An interesting effect of the large particle drop height is air entrainment by the particles. When the particles drop they 
pull hot air from the top of the receiver with them to the bottom of the cavity.  The particles are falling close to the 
back wall (~1 m) with a maximum velocity of 17.1 m/s and the entrained hot air is forced along the bottom of the 
cavity, towards the aperture with a speed of ~6.5 m/s.  Figure 2 displays this air flow.  The large amount of hot air 
leaving through the aperture causes the convective losses to be 23% resulting in a low thermal efficiency of 69.7%.  
The next design step modification was aimed to reduce this convective loss.  The depth of the cavity was extended 
to allow air to flow behind the particles rather than straight out of the aperture. 
 
    
Figure 2. Air vectors along a plane at center of receiver; (Left) Vectors colored by temperature (K); (Right) Vectors colored by velocity (m/s) 
4.2. Increased ceiling slope angle, back wall extended (10.63 m x 10.63 m aperture) 
This design change stems from the increased ceiling slope angle model in section 4.1, but has an extended back 
to allow for an air gap between the particle curtain and back wall.  An increased air volume behind the particles 
allowed particle entrained air to spread towards the aperture and towards the back wall when the particles reach the 
bottom of the cavity Figure 3.  Air movement behind the curtain kept hot air from escaping through the aperture 
resulting in less convective heat loss in the system.  However, the increased back volume of the receiver also forces 
the particle trajectories forward towards the aperture.  This effect lessens particle curtain stability and results in 58% 
of the particles being ejected out the aperture.  This effect can be seen in Figure 3.  With a thermal efficiency of 
35.5% this model is not suitable for a receiver design.  However, moving the particle injection towards the back wall 
while also increasing the depth of the cavity to 10 m may be the solution.  These simulations are the focus of future 
work. 
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Figure 3. (Left) Air vectors along a plane at center of receiver colored by temperature (K); (Right) Particle tracks colored by temperature (K) 
4.3. Reduced ceiling slope angle (10.63 m x 10.63 m aperture) 
In an effort to reduce the large size of the back and side walls of the receiver models seen in sections 4.1 and 4.2 
the ceiling slope angle was reduced.  The reduction caused the height of the receiver to shrink by 8 m (new height = 
12 m).  The new slope angle was based on the power centroid angle of the predicted heliostat field.  However, in this 
design the slanted ceiling was exposed to more direct solar irradiation and reflected diffusely back out of the 
aperture before it can heat the particles.  This led to a large, diffuse reflected radiation loss in the receiver as a result 
of this exposed surface, causing a thermal efficiency of 80.3%.  The diffuse reflected radiation in the solar band on 
this surface can be seen in Figure 4.  An interesting effect caused by particle velocity in the system can be seen in 
this model as well as in section 4.4.  The maximum particle velocity seen is 13.9 m/s, reduced from 17.1 m/s from 
the models in sections 4.1 and 4.2, caused by the reduced height of the receiver.  The particle entrained air has a 
maximum velocity of ~4.5 m/s near the cavity floor which cannot overcome the cold air being pulled into the 
receiver.  The particle entrained air is forced up behind the particle curtain and not pushed out the aperture with this 
model.  This air flow pattern can be seen in Figure 5.   
 
 
Figure 4. (Left) Diffuse reflecting radiation in the solar band from the slanted ceiling (section 4.3 model); (Right) Specular reflecting radiation in 
the solar band from the slanted ceiling (section 4.4 model); 
4.4. Reduced ceiling slope angle, specular-reflective ceiling (10.63 m x 10.63 m aperture) 
To further refine the reduced ceiling slope angle model, the reflected radiation on the slanted ceiling has to be 
reflected into the cavity instead of out the aperture.  One way to do this is to make the ceiling wall a reflective 
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to heat the particles instead of leaving the cavity.  The wall specularity was set to 1 in the solar radiation band.  This 
resulted in a radiation heat loss reduction of ~6%.  Figure 4 shows a comparison of the diffuse reflective ceiling 
compared to the specular reflective ceiling.  The specular reflective ceiling shows more reflected radiation in the 
solar band, but most of this radiation goes towards the particles.  In practicality, this type of surface may be difficult 
to achieve in this high temperature environment.  The naturally rising hot air currents in the cavity are always in 
contact with this surface with predicted velocities of 2-4 m/s (shown in Figure 5).  Depending on the reflective 
material used, a cooling system would need to be installed in order to keep the surface cool, but this will reduce 
thermal efficiency of the system.  The thermal efficiency is increased to 86.5% with this modification. 
 
       
Figure 5. (Left) Air vectors along a plane at center of receiver colored by velocity (m/s); (Right) Zoomed selection of air vectors along a plane at 
center of receiver colored by temperature (K) 
4.5. Reduced ceiling slope angle, specular-reflective ceiling, wedge-back (10.63 m x 10.63 m aperture) 
A further iteration on the reduced ceiling slope angle with a specular reflective ceiling was to modify the back 
geometry of the receiver.  This idea increased the internal radiative view factors by allowing walls to radiate 
reflected incoming radiation to other walls in the cavity instead of leaving through the aperture. This effect shows a 
~1% decrease in radiative losses compared to a vertical back wall. The particle outlet temperature was increased by 
the formation of a hot air circulation region between the wedge walls and particle curtain.  The particle entrained air 
is guided along the wedge surfaces and then gets re-entrained by the particles.  The circulation pattern developed 
heats the particles to high temperatures. Figure 6 shows the hot air circulation pattern.  The overall thermal 
efficiency for this design was 86.8%.  Although the thermal efficiency of the system does not show significant 
improvement, the radiation losses do go down.  However, the convective losses increase (resulting in lowered 




Figure 6. Wedge back SPR with recirculation zone shown by air vectors along plane at center of receiver colored by temperature (K) 
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5. Conclusion 
Alternative solid particle receiver designs were evaluated using thermal efficiency as the primary metric.  The 
design modifications started from an initial baseline design with a 17 m x 17 m aperture, 20⁰ nod angle, and a 
thermal efficiency of 72.3%.  Alternative designs were based off the baseline design, but had a modified aperture 
size of 10.63 m x 10.63 m and a nod angle of 50⁰.  The initial new receiver design (section 4.1) resulted in an 
efficiency of 69%.  A modified version of this design case included a back wall that was extended from the particles 
by 5 m (section 4.2).  This design change allowed hot air to flow behind the receiver preventing it from escaping out 
the aperture.  A thermal efficiency of 35.5% resulted from this design change due to particles being forced out of the 
aperture by the increased convection currents behind the particle curtain.  This modification revealed that having 
additional air flow space behind the particle curtain is necessary to help trap hot air in the cavity, but the particle 
injection location needs to be translated further back into the cavity to prevent particle loss.  A shorter receiver was 
analyzed with the ceiling slope angle reduced creating a cavity that was 8 m shorter than the previous alternative 
designs.  This alternative design (section 4.3) had an associated thermal efficiency of 80.3%.  To decrease radiative 
losses in this design, the slanted ceiling (section 4.4) was made to be specular reflecting in the solar radiation band 
and this resulted in a thermal efficiency of 86.5%.  Although close to the 90% goal, further refinement was still 
needed.  The last model incorporates the specular reflective ceiling, extended back wall with a wedge back shape, 
and shorter overall cavity height (section 4.5).  This model resulted in a thermal efficiency of 86.8%.   
After careful consideration it was deemed that the shorter cavity modification is not a realistic SPR design.  A 
highly specular surface would be needed for this design to reduce radiative losses which will be very difficult to 
engineer and maintain throughout the life of the receiver.  The 20 m receiver height is considered to be the candidate 
of choice even with the low thermal efficiency.  If there is no particle loss then the thermal efficiency will be 
increased significantly.  Future work is focused on increasing the depth of the cavity even further to 10 m and 
translating the particle injection location 2 m into the cavity to prevent particles from leaving the system.   
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